When the therm al decomposition nitrous oxide was first investigated reactions were usually thought of as belonging to simple integral orders. Over the range 100-700 mm. the nitrous oxide reaction proved to be more nearly of the second th an of any other order, showing th a t the activation process was collisional (Hinshelwood and Burk 1924), and not one depending upon the absorption of radiation by isolated molecules-a possibility a t one time considered. For a first-order reaction the plot of the reciprocal of the half-reaction time against pressure is a line parallel to the pressure axis, while for a second-order reaction it is a line inclined to the axis and passing through the origin. In a series of investigations (Volmer and Kummerow 1930; Volmer and Nagasako 1930; Musgrave and Hinshelwood 1932; H unter 1934) it has come to light th a t the form of this curve for nitrous oxide is really rather complex, and may be divided into the following parts: (a) an initial steep increase, starting from the origin, which between 50 and 100 mm. becomes shallower and passes into (b) an almost linear curve continuing up to several atmospheres when it gradually bends again passing into (c) an almost straight line of still smaller slope which continues up to 20-30 atm . when it bends round and becomes nearly parallel to the pressure axis, as for a reaction of the first order. Various interpretations have been suggested: (1) The curve results from the superposition of three " quasi-unimolecular " reactions, each of the second order a t low pressures and of the first order a t higher pressures (typical of reactions in which activa tion is by collision and is followed by transform ation of isolated molecules). The three components represent different activation modes with different transform ation probabilities of the activated molecules (Hinshelwood, Fletcher, Verhoek and W inkler 1934). (2) The curve is not really composite in form, bu t represents a single quasi-unimolecular reaction, the transform ation probability of the molecules being a continuous function of the excess energy they contain. This view was supported by Volmer who, however, was not aware of the existence of region (c) of the curve, and believed th a t the portion (6) became parallel to the axis above about 10 atm. He did not recognize the distinctness of portion (a) but plotted the reciprocal of the velocity constant against the reciprocal of the pressure so th a t points corresponding to low pressures were spread out into an indefinite sweep which masked Vol. C LX V III. A (25 November 1938) [ 441 ] 29 R eferences Hinshelwood and Burk 1924
the normal composite appearance of the curve. (3) The third interpretation has not been specifically form ulated for the case of nitrous oxide, but is implied by L eto rt's treatm ent (Letort 1937) of the analogous example of acetaldehyde: it amounts to the view th a t the changes of slope shown by the curve are not so much due to changes from one integral reaction order to another as to the existence of fractional orders, such as the order 3/2 which arises in certain circumstances when the mechanism depends upon the intervention of atoms or radicles. Limited stretches of the nitrous oxide curve could be represented approxim ately by the equation of a reaction of the 3/2 order: and, although this would not apply over the whole range, nevertheless, if we assume th a t the curve is complex, we should not neglect the possibility th a t one of the components is of this type. The present paper contains new experimental data bearing upon these interpretations, and upon other problems presented by this interesting reaction.
E xperimental details
The reaction is 2N 20 = 2N2 + 0 2, with a very small proportion of 2N 20 = 2NO + N 2, each of which corresponds to a 50 % increase of pressure.
The reaction was followed by measuring the change of pressure with time, in a 300 c.c. silica bulb, heated in an electric furnace, and provided with a manometer for direct reading, and with a Bourdon gauge which was sensitive enough to give reliable readings of the initial rate of reaction. The Bourdon gauges used were calibrated directly against the manometer, the relationship between the deflexion reading in the microscope eyepiece and the pressure being shown to be linear. The tem perature was measured by a P t/P t-R h thermocouple and a pyrometer, the pointer of which was read by a microscope so th a t variations of 0*1° could be detected. Special care was taken to keep the tem perature constant, and to reproduce it accurately from day to day. Since the accuracy with which the tempera ture could be controlled during a few hours was greater than th a t with which it could be reproduced, the eyepiece scale was standardized each day with the aid of a rate measurement for pure nitrous oxide a t a standard pressure. This corrected for the slight instability of the pyrometer zero, and ensured th a t the relative temperatures were accurately controlled: they should be within 0-5°. The absolute tem perature was calculated after the pyrometer had been calibrated in terms of the melting-point of pure antimony, and should be within about 2°.
Nitrous oxide was obtained from a cylinder and the only impurities were oxygen and nitrogen: it was condensed in a trap surrounded by liquid air, and all the perm anent gases were pum ped away before the nitrous oxide was allowed to evaporate into its container. Carbon dioxide was made by heating sodium bicarbonate; nitrogen and argon were obtained from cylinders and dried.
When working w ith m ixtures of nitrous oxide w ith other gases, the separate gases were introduced into a pre-mixer before admission to the reaction bulb.
The dead space was estim ated as accurately as possible and the appro priate corrections applied to the results for runs followed manometrically and runs followed by the Bourdon gauge, the dead space being increased in the latter case. W hen the tem perature difference had been allowed for, these corrections were equivalent to 7 and 9 % of the bulb volume, and they were applied in a consistent way in all the experiments, so th a t if the half reaction point was estim ated in error as (50 -d)%, d should be the same throughout.
Several end-points were determined and when this correction had been applied the mean increase in pressure was 49 % of the initial pressure.
The thermal decomposition of nitrous oxide 443

Half-reaction time and initial rate of reaction
The interpretation referred to above under (1) has been criticized on the ground th a t it is based upon plots of the reciprocal half-time instead of an initial rate. I f the differential equation for the reaction rate is a sum of several terms, it is evident th a t these term s can not be integrated inde pendently, and th a t the reciprocal half-time will not be the sum of three reciprocal half-times characteristic of the separate components. I t should, however, be obvious th a t if the integral curve is composite in form, this fact can hardly be due to anything but the composite nature of the differential expression from which it is derived. Nevertheless, it seemed desirable to see how far the curve of reciprocal half-time against pressure differed from th a t of the initial rate. The initial rates were therefore determined with care for comparison with the half-times. From Table I and the figs. 1 and 2 it appears th a t the general course of the 1/(half-time) curve is closely similar to th a t of the curve for 1 Ip.dp/dt, p being the initial pressure, and dp/dt the initial rate. I t is clear, therefore, th a t a distortion of the curve based upon half-times, in such a way as to simulate a composite nature which is not really inherent in the differential equation for the reaction rate, is out of the question. In figs. 1 and 2 the actual values of ljp .d p jd t are plotted, while the values of lfa are multiplied by a constant to make them equal to the former at 300 mm.
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Initial pressure (mm.) F ig . 1. Influence of pressure on reaction rate at 747° C, showing similarity of curves derived from half-tim es and initial rates respectively. Circles = 1/p.dp/dt; black dots = 1 /£* x constant. Initial pressure (mm). F ig . 2. Influence of pressure on reaction rate at 652° C. Circles = 1 Ip.dp/dt; black dots = 1 fa x constant. Table I N 20 -747° C N 20 -652° C t A \ t _________________K ____ V 1/4 l / p . dp/dt V 1/4 l / p . dp/dt mm.
sec 
Variation of activation energy with pressure. Determinations from half-times and from initial rates
The initial rate-initial pressure curve as well as the curve for l/(half-time) initial pressure was determined for two tem peratures nearly 100° apart. From the ratios a t different pressures the activation energies were calcu lated by the Arrhenius equation. The results confirm the previously reported increase in activation energy with increasing pressure. The meaning of this result is th a t a t the lower pressures molecules with smaller energies are contributing a greater proportion to the total of the observed change. If the probability of transform ation is smaller for the lower energies, then it is only at the lower pressures th a t the molecules w ith the lower activation energies survive deactivation by collision long enough to contribute to the observed reaction, so th a t the result is easily understandable. I t does not, however, tell us anything about the problem as to whether there is a continuous variation of transition probability with energy content or whether there are distinct sets of activated molecules which differ in kind. If the reality of the composite rate-pressure curve is accepted, then we have the latter possibility. The actual values of the activation energy agree fairly closely with those given by Hinshelwood and Burk (1924) , Musgrave and Hinshelwood (1932) and by H unter (1934) : they are considerably higher than those given by Volmer (Volmer and Kummerow 1930; Volmer and Nagasako 1930) . Upon the low values reported by the latter author various theoretical considerations about the non-adiabatic nature of the nitrous oxide decomposition have been based. In the light of the higher values these considerations lose their significance (Wigner 1938) .
The activation energies are tabulated in Table II . Those derived from the half-times are slightly greater a t any given pressure. In each case the change w ith pressure follows a similar curve. Influence of the reaction products I t is known th a t small quantities of nitric oxide are produced in the reaction and th a t these exert a catalytic effect: it is also known th a t inert gases, such as nitrogen and oxygen, exert some accelerating effect. To show the magnitude of this influence Table I I I records a complete pressure-time curve for a reaction in which the initial pressure was fairly great. From this curve the velocity over small intervals was read off at different points of the curve, for which also the mean nitrous oxide pressure and the mean pressure of products could be calculated. The rather abrupt finish of the reaction is to be noted: the last traces of nitrous oxide in presence of a large accumulation of products decomposing with greatly increased speed. Fig. 3 shows the influence of the products in preventing the fall in reaction rate at low partial pressures of nitrous oxide. Under the conditions of this 161  88  0  0  175  93  5  3  193  98  7-5  5  209  103  11  8  226  108  17  13  253  113  24  18  278  118  32  23  304  123  37  28  333  128  48  33  368  133  55  38  404  138  63  43  447  143  73  48  504  148  81  53  570  153  90  58  655  158  100  63  780  163  111  68  990  168  123  73  1560  172  135  78  1860  173  148  83  54 experiment the excess of products becomes very large for the smaller partial pressures of nitrous oxide: e.g. when the latter has fallen to 10 mm. there will be about sixty times this pressure of products.
Influence of inert gases on the reaction rate
Volmer and Bogdan (1933) determined the influence of various inert gases on the reaction rate. They believed th a t the reaction consisted of one single quasi-unimolecular reaction, whose unimolecular constant a t tained its limiting rate in the neighbourhood of 10 atm ., and th a t the influence of the inert gases was to help the constant for lower pressures to rise towards this limiting rate. They found this limiting rate by an extra polation which the experiments of H unter have since shown to be un justified, and they plotted their results for the inert gas influence in such a way as to force an extrapolation to this same limit. Since this limit has no real existence the curves they give m ust be regarded as largely arbitrary. Experiments have been made on the initial rates of reaction for the following mixtures: N20 + 2C0 2, N 20 + 2N2, N 20 + 2A, N 20 + 4A, the total initial pressure being varied over a range of about two atmospheres. The results are given in Table IV and figs. 4 and 5. W ith carbon dioxide the increase in rate caused by the inert gas is almost uniform over the pressure range employed, the acceleration tending if anything to diminish a t the higher to tal pressures. W ith nitrogen and with argon the influence is greatest Initial pressure of nitrous oxide (mm.) when the partial pressure of the nitrous oxide is lowest as is shown in figs. 4 and 5 which reveal the fact th a t the influence of the inert gas is exerted principally on the low-pressure component of the total reaction. At the higher pressure the curves representing the rate in presence of argon become almost parallel to the normal curve, which is not a t all what would be expected if the inert gas were contributing to the activation of the molecules in one single quasi-unimolecular reaction (Volmer interpretation). W ith the assumption of more than one unimolecular reaction it is easy to explain the variable effect of the foreign gases, since transfer of activation energy is a specific phenomenon and m ay well be different for different types of activated state. This explanation, however, also meets with difficulties. According to the theory of the composite mechanism, the reaction over the range of pressure used in these experiments consists of one reaction which completes its change from the second order to the first, and a second part which is of the second order up to much higher pressures (the second part being itself composite but representable by one constant in this range). The rate of reaction will be given by 1 dp P dt 1 + bp + Jc2p
for nitrous oxide alone, and by 1 dp kxp + k'xP "h k2p -f-k2P p 'd t 1 + bp + b'P in the presence of the foreign gas the pressure of which is P. In the experi ments P always bore a definite ratio to p, the pressure of the nitrous oxide.
Further, if the mechanism of the foreign gas effect is one of simple activation and deactivation, the ratio of k[ to k1 should be the same as th a t of b' to b (principle of microscopic reversibility). The equation then assumes the form 1 dp p ' dt 1 + y b p + rk2p.
This equation reproduces the results excellently for any given curve, a fact to which no great weight can be attached since there are three constants. The ratio of kx to b should be constant. This requirem ent is, however, not verified, as the following numbers show. The figures in the last column show th at, if we regard the lower p art of the curve as consisting largely of a unimolecular reaction which attains its limiting rate in the region where the whole curve bends rapidly round, then this limiting rate itself is raised by the presence of the foreign gas. Fig. 6 shows the components into which the total curves can be analysed in accordance with the above equation, and reveals the increase by the inert gas of the limiting " low-pressure" rate. This result shows th a t the method of representation is incorrect or incomplete, even though it expresses the velocities correctly w ithin the limit of experimental error. We therefore reconsider the interpretations (1), (2) and (3) referred to above. (2) and (3) are difficultly reconcilable with the results of H unter (1934) for the whole range of pressure of 40 atm . which has been investigated, but they might be applicable to the range here considered, leaving alternative activation modes to account for the high-pressure results. Even for the low-pressure range, however, they have their difficulties. As regards (2), it would account only with difficulty for the rapid change of direction of the curve in the region of 100 mm. (the masking of this in Volmer's method of plotting has been referred to). I t would not account for the fact th a t with nitrogen and argon the constant Fk2 changes so little with addition of the foreign gas compared with ykv W ith regard to (3) it m ust be remembered th a t in the unimolecular decomposition oxygen atoms are produced: if these caused catalytic decomposition of more nitrous oxide, and if they recombined at a rate proportional to the square of their concentration, then the expression for the reaction rate, although it would be rather complicated in actual form, could easily approximate to one involving [N20 ]*, which would account for the change in direction of the curve in the neighbourhood of 100 mm.
(A superposition of a curve of this form on the curve of a quasi-unimolecular reaction for higher pressures could by suitable manipulation of constants probably be made to reproduce the results with moderate accuracy. But this view entails further difficulties. In the first place the action of oxygen atoms on nitrous oxide has already been invoked to account for the pro duction of nitric oxide N 20 + O = 2NO, and the proportion of this found is small (Musgrave and Hinshelwood 1932) . And secondly, it is difficult to see why the inert gas should not help the recombination of the oxygen atoms and so retard rather than accelerate the reaction.) I t remains to consider the following hypothesis: carbon dioxide, in virtue of its close similarity in structure to nitrous oxide, is capable of activating nitrous oxide molecules in the same ways as they activate one another in collisions, as is shown by the marked increases in ykx and r k 2. With nitrogen and argon, however, Tk2 is not seriously affected, while yk± increases, though to a less extent than with carbon dioxide. As kxjb is not constant, it m ust be supposed th a t all three gases are capable of producing by their collisions a form of motion in the activated nitrous oxide molecule which is not pro duced in normal nitrous oxide collisions, and which is associated with a small transform ation probability, as well as the normal activated form. The effect of this will be to add another, more or less independent, quasiunimolecular element to the composite mechanism which will be prom inent at the lower pressures and will have the required result of raising the low pressure p a rt of the curve in the required manner. The equation would be 1 dp p ' dt yk^-+rktI,+-
i+bp '
■ i + b y k± /b no longer has to be constant, b u t can rise to as found. I t is quite possible to analyse the composite curve found in presence of the foreign gas into the components which this interpretation demands: but the value of such a procedure is doubtful, since fresh constants have to be introduced, and, moreover, it is difficult to make allowance for the effect of the oxygen atoms a t low pressures, and the production of the small am ount of nitric oxide shows th a t some effect m ust be present. The further increase of kjb on increasing the proportion of argon from 2 to 4 also shows th a t such an analysis can not give by itself a complete explanation. Before, therefore, the exact mechanism of the action of the foreign gases at low pressures can be settled conclusively fresh evidence of a qualitatively new kind is probably needed.
The result of this p art of the present investigation may therefore best be stated in the following form. A t the higher pressures (100-600 mm.) of nitrous oxide the foreign gases, argon and nitrogen, do not contribute much to the activation of the molecules principally concerned in the reaction. Carbon dioxide has, however, an effect comparable with th a t of nitrous oxide itself. At the lower pressures all the gases have an influence in facilitating reaction, whether because they are specifically capable of activating nitrous oxide molecules to states of relatively low activation energy with small transform ation probabilities, or whether partly or wholly for another reason.
The contrast between the case of argon and nitrogen which are mainly effective in the low-pressure region and carbon dioxide which is nearly as effective in the high-pressure region also, is further evidence th a t the reaction mechanism is kinetically composite. Summary F urther experimental d ata relating to the therm al decomposition of nitrous oxide a t 747° and 652° C are recorded.
The variation of reaction rate with pressure is expressed both in terms of the reciprocal half-reaction time and in term s of the initial rates. The two curves obtained are similar enough to show th a t previous conclusions based upon the half-time curve are confirmed by the initial rate curve.
The mean value of the activation energy falls a t lower pressures, and the absolute magnitude of this energy agrees with most previous determinations, but not with those upon which has been based a theory th a t the reaction is abnormally slow for certain quantum-mechanical reasons.
The influence of the products of reaction and of additions of nitrogen, argon and carbon dioxide have been studied. There is a contrast between the action of argon and th a t of carbon dioxide in th a t the former has a relatively greater effect a t lower than a t higher partial pressures of nitrous oxide. This fact is consistent with a greater complexity of the reaction mechanism than corresponds to the assumption of a single quasi-uni molecular reaction. The nature of this complexity is discussed.
